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The Class IV Semaphorin CD100 Plays Nonredundant
Roles in the Immune System: Defective B
and T Cell Activation in CD100-Deficient Mice
Yu and Kolodkin, 1999). Neuropilin-1 and neuropilin-2
have been identified as high-affinity binding sites for the
class III semaphorin subfamily (e.g., Sema3A) (He and
Tessier Lavigne, 1997; Kolodkin et al., 1997). In addition,
the plexin family has been identified more recently as a
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by Sema3A. Abs directed against neuropilin inhibit the
chemorepulsive activity of Sema3A on neuronal growth
factor–dependent DRG neurons in culture. Although theSummary
function of semaphorins has been initially addressed
with respect to neuronal guidance, it is becoming clearThe class IV semaphorin CD100/Sema4D differentially
that semaphorins also play important roles in organo-utilizes two distinct receptors: plexin-B1 in nonlymphoid
genesis, vascularization, and angiogenesis and the pro-tissues, such as brain and kidney, and CD72 in lymphoid
gression of cancers (Kitsukawa et al., 1995; Behar et al.,tissues. We have generated CD100-deficient mice and
1996; Roche et al., 1996; Sekido et al., 1996).demonstrated that they have functional defects in
The 150 kDa transmembrane protein CD100/Sema4D,their immune system, without apparent abnormalities
a member of the class IV semaphorin subfamily (Sema-in other tissues. The number of CD51 B-1 cells was
phorin Nomenclature Committee, 1999), is the onlyconsiderably decreased in the mutant mice, whereas
semaphorin member known to be physiologically ex-conventional B cells and T cells appeared to develop
pressed in lymphocytes (Furuyama et al., 1996; Hall et
normally. In vitro proliferative responses and immuno-
al., 1996). CD100 is also expressed in the brain, kidney,
globulin production were reduced in CD100-deficient
and heart (Furuyama et al., 1996; Hall et al., 1996). In
B cells. The humoral immune response against a T the immune system, CD100 is expressed abundantly on
cell–dependent antigen and in vivo priming of T cells T cells but weakly on B cells (Delaire et al., 1998; Dorf-
were also defective in the mutant mice. These results man et al., 1998). Its expression is significantly enhanced
demonstrate nonredundant and essential roles of on both T and B cells following activation (Delaire et al.,
CD100-CD72 interactions in the immune system. 1998; Dorfman et al., 1998; Billard et al., 2000; Kumano-
goh et al., 2000 [this issue of Immunity]). Human CD100-
Introduction expressing transfectants have been reported to pro-
mote aggregation and survival of B cells in vitro (Hall et
The semaphorins are a large family of both secreted al., 1996). Using soluble recombinant mouse CD100 and
and membrane-bound proteins characterized by a transfectants expressing mouse CD100, we have dem-
highly conserved semaphorin domain of z500 amino onstrated that CD100 can enhance in vivo antibody pro-
acids. This family is divided into eight groups defined duction as well as in vitro B cell responses (Kumanogoh
by structural properties (Semaphorin Nomenclature et al., 2000). CD100 can, therefore, function as a ligand
Committee, 1999). Some semaphorins are known to reg- in the immune system.
ulate axonal pathfinding in the developing nervous sys- Human plexin-B1 has recently been shown to be a
tem of vertebrates and invertebrates (Kolodkin et al., high-affinity receptor for human CD100 (Tamagnone et
1992, 1993; Luo et al., 1993; Dodd and Schuchardt, 1995; al., 1999). Human plexin-B1 is widely expressed in vari-
ous fetal and adult tissues, including brain and kidney
(Maestrini et al., 1996), suggesting a possible role fork To whom correspondence should be addressed (e-mail: kikutani@
CD100–plexin-B1 interactions in the development ofragtime.biken.osaka-u.ac.jp).
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Figure 1. Generation of CD100-Deficient Mice
(A) Disruption of the CD100 gene. Gene structure of wild-type CD100 allele (top), CD100 targeting construct (middle), and the resultant CD100
mutant allele (bottom). CD100 59 untranslated sequences are shown as gray boxes and coding sequences are shown by black boxes. The
1.6 kb fragment containing the initiation codon was replaced with the neomycin resistance gene (Neo). The HSV-tk gene was appended to
allow for selection against random integration. Arrows indicate the transcriptional directions.
(B) Southern blot analysis. To assess the genotype of wild-type (1/1), heterozygous (1/2), and homozygous mutant (2/2) mice, tail DNA
was digested with BamHI, electrophoresed, and hybridized with the probe that is shown in (A). The 2.6 kb fragment represents the wild-type
CD100 allele, and the 1.2 kb fragment depicts the targeted allele.
(C) Splenocytes from wild-type (1/1) or CD100-deficient (2/2) mice were stained with biotinylated anti-mouse CD100 mAb (BMA-12) plus
FITC-conjugated streptavidin and phycoerythrin-conjugated anti-B220 mAb and analyzed by flow cytometry.
have identified CD72 as a functional, lower affinity re- mice, demonstrating indispensable and essential roles
of CD100-CD72 interactions in the immune system.ceptor on lymphocytes, which do not express plexin-
B1 (Kumanogoh et al., 2000). CD100, therefore, may
differentially use plexin-B1 or CD72 as a receptor, de- Results
pending on the tissues. CD72 is a 45 kDa type II trans-
membrane protein belonging to the C-type lectin family Generation of CD100-Deficient Mice
To evaluate the functions of CD100 in vivo, we generated(Nakayama et al., 1989; Von Hoegen et al., 1990; Gordon,
1994) and contains immunoreceptor tyrosine-based in- mice with a null mutation in the CD100 locus. The tar-
geting vector was constructed by replacing a 1.6 kbhibitory motifs (ITIM) in its cytoplasmic region (Adachi
et al., 1998). Some studies have suggested that CD72 genomic region including the putative first exon and the
CD100 initiation codon with the neomycin (neo) resis-may function as a negative regulator for immune re-
sponses by recruiting tyrosine phosphatase, SHP-1, to tance gene cassette to ensure disruption of CD100 pro-
tein expression (Figure 1A). Transfection of ES cells witha tyrosine-phosphorylated ITIM (Adachi et al., 1998; Wu
et al., 1998). Indeed, CD72-deficient B cells showed hy- this construct resulted in two clones, each carrying one
copy of the homologously recombined CD100 mutantperresponses to various stimuli, confirming this notion
(Pan et al., 1999). Furthermore, we have shown that allele. Chimeric mice derived from each of these ES
clones were found to transmit the mutant allele to theirCD100 stimulation induces tyrosine dephosphorylation
of CD72 and SHP-1 dissociation from CD72, suggesting offspring. Germline transmission of the CD100 targeted
allele was assessed by Southern blot analysis (Figurethat CD100 may turn off negative signaling by CD72
(Kumanogoh et al., 2000). 1B). Homozygous mutant mice were produced in a typi-
cal Mendelian pattern and were viable. Both female andHere, we report the generation and characterization
of CD100-deficient mice. The mutant mice appeared male mutant mice appeared to develop normally. Cell
surface staining of spleen cells confirmed the lack ofdevelopmentally normal despite the broad range of ex-
pression of plexin-B1 and CD100. However, in the im- CD100 expression in homozygous mutants compared
to wild-type controls (Figure 1C). In macroscopic andmune system, where CD72 functions as a CD100 re-
ceptor, we observed severe impairments of B-1 cell histological examination, defects were not observed in
brain, kidney, and heart, where CD100 and plexin-B1development and immune responses in CD100-deficient
CD100-Deficient Mice
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Figure 2. Flow Cytometric Analysis of Lymphocytes from Mutant and Wild-Type Mice
Single-cell suspensions from the bone marrow, spleen, thymus, and peritoneal cavity were isolated from CD100-deficient and wild-type
littermates and stained with the following combinations: (A) FITC-conjugated anti-CD43 and phycoerythrin-conjugated anti-B220; (B) FITC-
conjugated anti-IgD and biotinylated anti-IgM plus allophycocyanin-conjugated streptavidin; (C) FITC-conjugated anti-IgD and biotinylated
anti-IgM plus phycoerythrin-conjugated streptavidin; (D) FITC-conjugated anti-CD23 and phycoerythrin-conjugated anti-B220; (E and F) FITC-
conjugated anti-CD8 and phycoerythrin-conjugated anti-CD4; (G and H) FITC-conjugated anti-B220 and phycoerythrin-conjugated anti-CD5.
For (B), bone marrow cells were stained with FITC-conjugated anti-IgD, phycoerythrin-conjugated anti-B220, and biotinylated anti-IgM plus
allophycocyanin-conjugated streptavidin, and then B220-positive cells were gated for further analysis of surface expression of IgM and IgD.
The results shown are representative of five independent experiments. Gates are indicated by boxes, and percent of gated cells of total cells
within the plot is indicated.
are abundantly expressed (Furuyama et al., 1996; Hall pression affects lymphocyte development (Figures 2A–
2H). The mutant mice had relatively increased numberset al., 1996; Maestrini et al., 1996). In addition, gross
neurological testing of these mutant mice revealed no of CD231B2201 B cells (Figure 2D) (CD1001/1 mice,
8.9% 6 4.8%; CD1002/2 mice, 25.2% 6 4.5%, p ,obvious signs of movement and posture abnormalities.
We have not observed any tremors, shakes, or any other 0.005), which is consistent with the fact that CD100
stimulation induces shedding of CD23 from B cells (Hallhints of possible seizure activity at present (data not
shown). However, as shown below, developmental and et al., 1996). Moreover, CD51B2201 B-1 cells were con-
siderably reduced in the peritoneal cavity (CD1001/1functional defects were detected in lymphoid tissue
where both CD100 and CD72 are expressed. mice, 18.7% 6 8.0%; CD1002/2 mice, 7.7% 6 3.2%, p ,
0.005) and the spleen (CD1001/1 mice, 1.6% 6 0.1%;
CD1002/2 mice, 1.1% 6 0.3%, p , 0.01) of CD100-defi-Phenotype of Lymphocytes in CD100-Deficient Mice
We first performed flow cytometric analyses of cells cient mice compared to that of wild-type mice (Figures
2G and 2H), suggesting the importance of CD100 in thefrom the spleen, thymus, peritoneal cavity, and bone
marrow to examine whether an absence of CD100 ex- development of B-1 cells. This is in contrast to observa-
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ation (Herold et al., 1995). Thus, we examined in vitro
responses of CD100-deficient lymphocytes. As shown
in Figure 3A, small resting splenic B cells of CD100-
deficient mice showed delayed kinetics of proliferation
induced by anti-CD40 mAb and lipopolysaccharide
(LPS) compared to those of wild-type mice. This poor
response of mutant B cells could be rescued by addition
of agonistic antibody against CD72, the lymphocyte re-
ceptor for CD100. Furthermore, CD40-induced in vitro
immunoglobulin production of CD100-deficient B cells
was significantly impaired (Figure 3B). In contrast, re-
sponses of CD100-deficient T cells to Con A or anti-
CD3 mAb were comparable to those of wild-type mice
(Figure 3C). These results indicate a critical role of
CD100 in in vitro B cell responses to CD40 stimulation.
Antibody Responses of CD100-Deficient Mice
To explore the influence of CD100 deficiency on in vivo
antibody responses, CD100-deficient mice were immu-
nized with a T cell–dependent (TD) antigen, 4-hydroxy-
3-nitrophenylacetyl-chicken-g-globulin conjugates (NP-
CGG). As shown in Figure 4A, anti-NP IgG1 antibody
responses of CD100-deficient mice were significantly
impaired. Furthermore, the reduction in titers of high-
affinity anti-NP IgG1 antibodies, determined by binding
to divalent antigen (bovine serum albumin coupled with
two NP haptens [NP2-BSA]), was even more dramatic,
suggesting impaired affinity maturation in the absence
of CD100 (Figures 4B and 4C). Formation of germinal
centers (GC), which are necessary for affinity matura-Figure 3. In Vitro B and T Cell Responses of CD100-Deficient Mice
tion, could be observed in the spleen of immunized mu-(A) Delayed proliferative B cell responses in CD100-deficient mice.
Small resting B cells were purified from wild-type (open bars) or tant mice by immunohistochemical analysis, although
CD100-deficient mice (closed bars) and cultured for 24 hr or 48 hr the average volume of GCs in the mutant mice was
with the indicated factors. decreased by 42% 6 12% compared to that of wild-
(B) Impaired in vitro immunoglobulin production induced by CD40
type mice. We then quantitated antigen-specific GC Bin CD100-deficient mice. Small resting B cells were purified from
cells of CD100-deficient and wild-type mice 14 dayswild-type (open bars) and CD100-deficient littermates (closed bars)
after immunization with NP-CGG by flow cytometricand were cultured with anti-CD40 mAb (0.5 mg/ml) and IL-4 (10 U/ml)
for 7 days. Immunoglobulin production was measured by ELISA as analysis. Among populations negative for IgM, IgD,
described in Experimental Procedures. Thy1, Mac1 (CD11b), and Gr-1, generation of either
(C) Normal T cell proliferative responses in CD100-deficient mice. PNA-positive or IgG1-positive NP binding cells, which
Thy-1 positive cells were purified from wild-type (open bars) and
probably represent NP-specific GC B cells (McHeyzer-CD100-deficient littermates (closed bars) using MACS and then
Williams et al., 1991; Smith et al., 1997), was severelystimulated with the indicated factors for 2 days. Cells were pulsed
impaired in CD100-deficient mice (Figures 4D and 4E).with 2 mCi [3H]thymidine for the last 16 hr (A) or 12 hr (C). *p , 0.05;
**p , 0.01; ***p , 0.005; each value was analyzed by unpaired t These results indicate that CD100 plays a critical role
test. in TD antigen-specific antibody production. When we
analyzed total serum levels of various immunoglobulin
subclasses (IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA) in
tions in CD72-deficient mice, where the number of CD51 nonimmunized mice, we did not observe any differences
B-1 cells is significantly increased (Pan et al., 1999). between CD100-deficient mice and wild-type littermates
Except for these phenotypic changes, we did not ob- (data not shown).
serve any other differences in the surface phenotypes, To analyze T cell–independent (TI) antibody re-
numbers, and ratios of T and B cells between CD100- sponses of CD100-deficient mice, we immunized the
deficient and wild-type mice. T cells and conventional mice with 2, 4, 6-trinitrophenyl (TNP) conjugated LPS
B cells appeared to develop normally in the mutant mice. as a type I TI antigen (TI-1) or NP-Ficoll as a type II TI
antigen (TI-2). Both CD100-deficient and wild-type mice
mounted comparable antibody responses against TNP-In Vitro Responses of Lymphocytes
LPS (Figure 5A), although antibody titers fluctuatedin CD100-Deficient Mice
among individual mice. CD100-deficient mice mountedCD100 stimulation synergistically enhances CD40-
relatively enhanced responses against NP-Ficoll, partic-induced B cell proliferation and immunoglobulin produc-
ularly in the IgG1 antibody response (Figure 5B). Thus,tion (Hall et al., 1996; Kumanogoh et al., 2000). It has
CD100 may be involved in the regulation of immunebeen reported that anti-human CD100 mAb has syner-
gistic effects with anti-CD3 or anti-CD2 on T cell prolifer- responses against TI-2 antigens.
CD100-Deficient Mice
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mice immunized s.c. (Figures 6B and 6C). Such impair-
ments could be partially restored by administration of
soluble recombinant CD100 (Figure 6C). Taken together,
these findings indicate a key role of CD100 as a ligand
in T cell priming.
Constitutive Association of CD72 with SHP-1
in CD100-Deficient B Cells
We have shown that CD100 stimulation induces tyrosine
dephosphorylation of CD72 and dissociation of SHP-1
from CD72 (Kumanogoh et al., 2000). This suggests the
possibility that at least some of the immunological de-
fects of the mutant mice may stem from the suppression
of lymphocyte activation by SHP-1 that is constitutively
associated with CD72 in the absence of CD100. We thus
analyzed association of CD72 with SHP-1 in CD100-
deficient B cells. As shown in Figure 7, in B cells from
wild-type mice, tyrosine phosphorylation of CD72 and
SHP-1 association with CD72 was detectable only when
stimulated with anti-m, as previously reported (Adachi
et al., 1998; Wu et al., 1998). Interestingly, in CD100-
deficient B cells, tyrosine phosphorylation of CD72 and
Figure 4. Impaired Humoral Immune Responses to TD Antigen in
SHP-1 association with CD72 was observed even inCD100-Deficient Mice
nonstimulated B cells. CD100 stimulation further en-(A–C) Antibody responses to TD antigens. CD100-deficient (open
hanced dephosphorylation of CD72 and dissociation ofcircles; n 5 5) and wild-type (open triangles; n 5 5) mice (8 weeks
SHP-1 from CD72. The result demonstrates that CD100old) were immunized intraperitoneally with 100 mg of NP-CGG as
an alum-precipitated complex on day 0 and 28 (arrows) and bled physiologically binds to CD72, resulting in dissociation
at the indicated times. Levels of anti-NP antibodies were determined of SHP-1 from CD72.
using ELISA. For detection of NP-specific IgG1, total (high plus low
affinity) antibodies (A) and high-affinity antibodies (B) were quanti-
Discussionfied by means of plates coated with NP12- or NP2-conjugated BSA,
respectively. The ratio of anti-NP2 to anti-NP12 was estimated as an
indicator for affinity maturation (C). When both anti-NP2 and anti- Nonredundant Functions of CD100 in the Lymphoid
NP12 antibodies were undetectable, the ratio of anti-NP2 to anti- Tissues Revealed by Gene Targeting
NP12 was defined as 0. The results shown are representative of two CD100 is expressed in a broad range of tissues, includ-
independent experiments. Statistical analysis was performed by ing brain, kidney, and lymphocytes (Furuyama et al.,
Two-Way Repeated Measures ANOVA.
1996; Hall et al., 1996). Our present study has revealed(D and E) Impaired generation of NP-specific GC B cells in CD100-
that developmental and functional defects of CD100-deficient mice. Splenocytes were isolated from wild-type or CD100-
deficient mice 14 days after immunization with NP-CGG as an deficient mice are primarily restricted to the immune
alum-precipitated complex and then stained with FITC-conjugated system, where only CD72 but not plexin-B1 is expressed
anti-IgM, anti-IgD, -Thy1.2, -Gr-1, -Mac-1, and phycoerythrin-conju- as a receptor for CD100 (Kumanogoh et al., 2000). The
gated NP, and biotinylated anti-PNA (D) or biotinylated IgG1 (E) plus mutant mice did not display apparent defects in other
allophycocynanin-conjugated streptavidin. Cell populations nega-
tissues, including brain and kidney, both of which abun-tive for IgM, IgD, Thy1.2, Gr-1, and Mac-1 were gated for further
dantly express plexin-B1. The results indicate that ananalysis of NP binding and PNA binding/IgG1-expressing B cells.
interaction of CD100 with CD72 plays a nonredundant
role in the immune system. There are two possibilities
for our failure to detect defects in organs other than theIn Vivo T Cell Priming in CD100-Deficient Mice
lymphoid organs. First, the mutant mice may have subtleWe examined in vivo T cell priming in CD100-deficient
defects that were overlooked in our preliminary histolog-mice because CD72 is also expressed on a fraction of
ical analysis. In this case, further examination of theantigen-presenting cells (APC) (Tutt Landolfi and Parnes,
mutant mice will be required. Second, CD100–plexin-B11997). We immunized wild-type or CD100-deficient mice
interactions may not be essential for the development ofwith keyhole limpet haemocyanin (KLH) in complete
nonlymphoid tissues, or their absence could be com-Freund’s adjuvant either intraperitoneally (i.p.) or subcu-
pensated by other plexin or neuropilin family members.taneously (s.c.) in the hind foot pad. Nine days after
Alternatively, plexin-B1 might have another ligand. In-immunization, CD41 T cells were prepared from the
deed, semaphorin receptors like neuropilins and plexinsspleen or draining lymph nodes of mice immunized i.p.
are known to be shared by several semaphorin familyor s.c., respectively, and tested in vivo for antigen-spe-
members, suggesting the existence of functional redun-cific proliferative responses to KLH. As shown in Figure
dancy (Yu and Kolodkin, 1999).6A, a considerably reduced response of splenic CD41
T cells to KLH was observed in CD100-deficient mice
immunized i.p. compared to wild-type mice. Further- CD100 Activates B Cells by Turning off Negative
Signaling through CD72more, a dramatic reduction in the proliferation and the
production of both IL-4 and IFN-g of CD41 T cells from Cumulative evidence suggests that CD72 functions as
a negative regulator of B cell responsiveness (Adachidraining lymph nodes was observed in CD100-deficient
Immunity
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Figure 5. Antibody Responses to TI Antigens
CD100-deficient (open circles) and wild-type (open triangles) mice (8 weeks old) were injected intraperitoneally with 50 mg TNP-LPS (A) or 25
mg NP-Ficoll (B) in PBS at day 0. Serum from individual mice was collected at indicated times, and levels of anti-TNP antibodies or anti-NP
antibodies were determined using isotype-specific ELISA. Dilutions of sera (1:1000) were used. All the results were presented as means of
triplicate data. The results shown are representative of two independent experiments.
et al., 1998; Wu et al., 1998; Pan et al., 1999). We have (Pan et al., 1999). Other mutant mice carrying defects
in SHP-1 signals, such as SHP-1- and CD22-deficientalso shown that CD100 binding induces dissociation of
SHP-1, a negative signaling molecule from CD72 (Kuma- mice, also show an expansion of B-1 cells (Sidman et
al., 1986; O’Keefe et al., 1996; Sato et al., 1996). Thesenogoh et al., 2000). Furthermore, SHP-1 was constitu-
tively associated with CD72 in CD100-deficient mice. In observations indicate that SHP-1 participates in nega-
tive regulation of development or maintenance of B-1most cases, mice deficient in a ligand display a pheno-
type identical or similar to that of mice deficient in its cells. Our findings, therefore, suggest that CD100 may
positively regulate the autonomous growth of B-1 cellscounter receptor if their interactions are nonredundant.
Interestingly, the reported phenotype of CD72-deficient by inactivating SHP-1 signals through CD72. CD72-defi-
cient mice have been reported to display impaired earlymice is almost the mirror image of that of CD100-defi-
cient mice, with a few exceptions. For example, reduc- B cell development in the bone marrow and slight reduc-
tion of B-2 cells in the spleen (Pan et al., 1999). However,tion of B-1 cells and hyporesponsiveness of B cells to
various stimuli were observed in CD100-deficient mice, development of conventional B cells of CD100-deficient
mice was almost normal. Further detailed analysis usingwhile CD72-deficient mice showed increased numbers
of B-1 cells and hyperresponsiveness of B cells (Pan multicolor cytometry will be required to determine
whether CD100-deficient mice have any subtle effectset al., 1999). The contrasting phenotypes of these two
mutant mice and the constitutive association of SHP-1 on the early development of B cells in the bone marrow.
with CD72 in CD100-deficient mice strongly support the
idea that CD100 turns off negative signaling by CD72, A Role of CD100 in B Lymphocyte Responses
In vitro proliferation of and immunoglobulin productionleading to positive stimulation of B cells.
by B cells in response to CD40 stimulation were impaired
in CD100-deficient mice. The response of CD100-defi-Role of CD100 in B Cell Development
The CD51 B-1 cell population in the adult mouse is cient B cells to LPS was also retarded. This phenotype
is the opposite of what was observed in CD72-deficientthought to be the remnant of a distinct fetal B cell differ-
entiation pathway that is maintained without T cell help mice (Pan et al., 1999). We have shown that CD100
enhances CD40-induced B cell responses through its(Kantor, 1991). The number of CD51 B-1 cells was signifi-
cantly reduced in the peritoneal cavity and the spleen receptor, CD72 (Kumanogoh et al., 2000). Hall et al.
(1996) have shown that CD100 stimulation enhancedof CD100-deficient mice. In contrast, the number of B-1
cells is reported to be elevated in CD72-deficient mice CD40-induced aggregation of human B cells. Further-
CD100-Deficient Mice
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Figure 7. Constitutive Association of SHP-1 with CD72 in CD100-
Deficient B Cells
Wild-type or CD100-deficient B cells (3 3 107 cells/lane) were stimu-
lated with F(ab9)2 anti-m (10 mg/ml) in the absence or presence of
mCD100-Fc (60 mg/ml) for 1 min. Cell lysates (1% NP40) were immu-
noprecipitated with anti-CD72 (H-96) or anti-SHP-1 (C19) and blot-
ted with anti-phosphotyrosine Abs (PY99), anti-SHP-1 (C19), or anti-
CD72 (H-96) mAbs.
also showed impaired affinity maturation and poor gen-
eration of antigen-specific B cells of the GC B cell phe-
notype. In vivo priming of T cells was also severely
impaired in the mutant mice. Therefore, defects in both
B cell activation and T cell priming appear to contribute
to the poor humoral immune responses of the mutantFigure 6. CD100-Deficient Mice Have Impaired T Cell Responses
to Antigen mice to TD antigens.
(A) In vitro splenic CD41 T cell responses. Wild-type (open circles) In contrast to the responses to TD antigen, the effects
and CD100-deficient mice (open triangles) were immunized with of CD100 deficiency on antibody responses to TI anti-
KLH in complete Freund’s adjuvant intraperitoneally. Nine days after gens were not so clear. Although the mutant mice
priming, CD41 T cells were prepared from the spleen and stimulated showed enhanced IgG1 antibody responses to TI-2 anti-
with various concentrations of KLH in the presence of irradiated
gens, further analysis in a fully inbred genetic back-(3000 rad) splenocytes of wild-type littermates as antigen-present-
ground will be required to determine a role of CD100 ining cells for 3 days.
(B) In vitro responses of CD41 T cells from draining lymph nodes. antibody responses to TI antigens.
Wild-type (open circles) and CD100-deficient mice (open triangles)
were immunized with KLH in complete Freund’s adjuvant in the hind
foot pad. Nine days after priming, CD41 T cells were prepared from CD100 Plays a Pivotal Role in T Cell Priming
the draining lymph nodes and stimulated with KLH under the same Immunization with protein antigens induced significantly
conditions as described in (A). reduced antigen-specific T cell responses in CD100-
(C) Restored CD41 T cell responses by administration of soluble
deficient mice, suggesting a critical role of CD100 inCD100 protein. Wild-type (closed bars) and CD100-deficient mice
antigen priming of T cells. Defective priming of T cells(open and shaded bars) were immunized with KLH in complete
could be rescued by in vivo administration of recombi-Freund’s adjuvant in the hind foot pad. Soluble recombinant CD100
protein (50 mg/mouse) was injected intravenously for 6 days after nant soluble CD100 protein. This indicates that CD100
the immunization (shaded bars). Nine days after priming, CD41 cells also plays a role as a ligand in T cell priming. Some
were prepared from draining lymph nodes and stimulated with KLH reports have shown that CD72 is expressed on some
(4 mg/ml) under the same conditions as described in (A) and (B).
fractions of APCs (Tutt Landolfi and Parnes, 1997). WeCells were pulsed with 2 mCi [3H]thymidine for the last 12 hr. IL-4
also observed that CD40 stimulation significantly in-and IFN-g production in the 3 day culture supernatants were mea-
duced CD72 expression on APCs, including dendriticsured by ELISA (C). **, below detectable limits (,10 pg/ml). The
results shown are representative of three independent experiments. cells (A. K. et al., unpublished data). It is thus most likely
that interactions between CD100 on antigen-specific T
cells and CD72 on APCs are necessary for T cell priming.
It is also possible that CD72 on T cells may be involvedmore, the expression of CD100 is upregulated on B cells
by various stimuli (A. K. et al., unpublished data). Taken in antigen-specific T cell activation, since CD72 is in-
duced on activated T cells, at least in some mousetogether, these observations strongly suggest that inter-
actions of CD72 with CD100 induced on B cells are strains (Robinson et al., 1997; Tutt Landolfi and Parnes,
1997). However, T cells of the mutant mice could re-involved in in vitro B cell responses not only to the CD40
ligand but also to LPS. spond normally to anti-CD3 and other T cell mitogens
in vitro (Figure 3C), suggesting that CD100-CD72 inter-In accordance with the impaired in vitro responses of
CD100-deficient B cells, CD100-deficient mice mounted actions on T cells are dispensable, at least for T cell
responses to these stimuli. Further analysis will be re-reduced antibody responses when immunized with a
TD antigen. The mutant mice immunized with TD antigen quired to determine a role of CD72 on T cells.
Immunity
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Generation, Screening, and Breeding of CD100-Deficient MicePossible Models of CD100-CD72 Interactions
ES cells from the two independent CD100 mutant clones were in-in the Immune System
jected separately into blastocysts from C57BL/6 mice. The blasto-Expression patterns of CD100 and CD72 suggest that
cysts were transferred to pseudopregnant ICR foster mothers. Pups
the CD100-CD72 interaction may be involved in distinct were scored for chimerism on the basis of agouti pigment in the
phases of immune responses. First, CD100 and CD72 coat, and chimeric males were then mated to C57BL/6 females.
Germline transmission and genotype of the CD100-targeted alleleare preferentially expressed on T cells and B cells, re-
were further assayed by Southern blot and PCR analysis. PCR wasspectively. This implies that when humoral immune re-
carried out with an initial 3 cycles at 948C for 60 s, 658C for 30 s,sponses are initiated, the CD100-CD72 interaction may
and 728C for 60 s and 35 cycles at 948C for 30 s, 688C for 15 s, and
play a role in antigen-specific T–B cell interactions in 728C for 60 s. The following oligonucleotide primers were used to
extrafollicular areas of secondary lymphoid organs identify the rearranged CD100 locus. Primer 1 (59-GTCCTTGCT
GCTACCCCACAGCAG-39) was complementary to genomic DNAwhere helper T cells are abundantly available. CD40L
that was upstream of the short arm of the homology. Primer 2and CD40 are also expressed on activated T cells and
(59-CGCAGCGCATCGCCTTCTATCGCC-39) was complementary toB cells, respectively. Thus, the CD100-CD72 interaction
sequences at the 59 terminus of the neo cassette. Primer 3 (59-TCC
functions in the same phase as the CD40-CD40L interac- TCACTCATCAGCAAGGCCG-39) was complementary to the CD100
tion takes place. Second, CD100 was strongly induced sequences located in the 39 long arm of the targeting vector. Primer
on B cells by CD40 stimulation. Upon stimulation by 1 was used in conjugation with primer 2 to identify the rearranged
CD100 locus and used in conjugation with primer 3 to identify theCD40L on helper T cells in extrafollicular areas, some
wild-type and homologous mutant allele. PCR products were re-B cells migrate into lymphoid follicles and form germinal
solved in 1% agarose gels. For Southern blot analysis, genomic DNAcenters where selection of antigen-specific B cells oc- from the tails was digested with BamHI and subjected to agarose gel
curs in the presence of a very limited number of helper electrophoresis. DNA was transferred onto nylon blotting mem-
T cells. In fact, CD100 has been reported to be ex- branes (Hybond N; Amersham Pharmacia) according to the protocol
of the manufacturer. Filters were hybridized with radiolabeledpressed and to be functional on germinal center B cells
probes overnight. Filters were then washed in 0.13 SSC, 0.1% SDS(Hall et al., 1996). It is also noteworthy that the mutant
at 658C for 1 hr before autoradiography. Finally, heterozygous micemice immunized with TD antigen showed impaired affin-
were mated to produce homozygotes. All the CD100-deficient mice
ity maturation and poor generation of antigen-specific were maintained in a pathogen-free environment.
B cells of the GC B cell phenotype. Thus, CD100-CD72
interactions may also contribute to expansion or survival Flow Cytometry and Antibodies
Single-cell suspensions were prepared from mouse spleen and thy-of GC B cells. In addition, the reduction of B-1 cell
mus. Bone marrow cells were obtained from one tibia and one femur.numbers in the mutant mice suggests that B–B interac-
Peritoneal cavity cells were collected by flushing the peritoneal cav-tions via CD100 and CD72 are involved in homeostatic
ity with PBS, including 2% FCS and 10 U/ml of heparin. One million
maintenance of the B-1 population. Third, CD72 is also cells of the various tissues tested were stained with the following
expressed on professional APCs, such as dendritic cells antibodies: anti-IgD, anti-CD43 (S7), anti-CD23 (B3B4), anti-CD8
and macrophages. Defective T cell priming in the mutant (Ly-2), and anti-B220 (RA3-6B2), Thy1.2 (30H12 and 53-2.1), anti-
CD5 (53-7.3), anti-IgM (R6-60.2), and anti-CD4 (GK1.5), anti-CD100mice strongly suggests that interactions of CD100 with
(BMA-12) conjugated with FITC, phycoerythrin, or biotin. Streptavi-CD72 take place between T cells and APCs when T cells
din-FITC, -PE, and -APC (allophycocyanin) were used as second-are activated by antigens presented by APCs.
step reagents for biotinylated antibodies. These antibodies and
In conclusion, we have established CD100-deficient reagents, except for anti-IgD and anti-CD100, were purchased from
mice and have shown that they have defects in their PharMingen. Goat anti-IgD was purchased from Nordic Immunologi-
cal Laboratories, and anti-CD100 (BMA-12) was established at ourimmune system. Our study provides evidence that this
laboratories (Kumanogoh et al., 2000). Data analysis was performedsemaphorin family member plays a critical role in the
using FlowJo software (Treestar). Anti-CD72 (H-96), anti-phospho-immune system in vivo. Furthermore, the defects in the
tyrosine (PY99), and anti-SHP-1 (C19) antibodies were purchased
immune system, in contrast to other tissues, could not from Santa Cruz Biotechnology, and goat F(ab9)2 anti-mouse m anti-
be compensated by other family members, showing a bodies were purchased from ICN Pharmaceuticals. Anti-CD72 mAb
(K10.6) was purchased from PharMingen.critical role for CD100 in immune responses.
Immunization and Serum Antibody Assays
Experimental Procedures To induce antibody responses to TD antigen, 8-week-old mice were
immunized intraperitoneally with 100 mg of NP-CGG as an alum-
Gene Targeting precipitated complex at day 0 and boosted at day 28. Animals were
A phage clone containing an approximately 12 kb DNA fragment bled before and 14, 21, 28, 35, and 72 days after the first immuniza-
was isolated from a 129/SV genomic library (Strategene) with two tion. NP-specific antibodies of high and low affinity were detected
probes derived from the CD100 cDNA sequence. This genomic clone with NP2-BSA or NP12-BSA coated plates, respectively, as described
was shown to contain three exons, one of which has the initiation (Smith et al., 1994). To induce antibody responses to TI antigen,
codon. To construct the CD100 targeting vector, the 1.6 kb fragment 8-week-old mice were immunized intraperitoneally with 50 mg of
TNP-LPS (Sigma) or 25 mg of NP-Ficoll in PBS and were bled beforecontaining the exon that has the initiation codon was replaced with
and 7 and 14 days after immunization. The anti-TNP and anti-NPthe neo resistance cassette (Thomas and Capecchi, 1987), and the
specific antibodies were detected using DNP-BSA or NP12-BSAHerpes simplex virus thymidine kinase (HSV-tk) gene was inserted
coated ELISA plates, respectively, and quantified by isotype-spe-for selection against random integration (Mansour et al., 1988). The
cific ELISA.linearized targeting plasmid DNA was used to transfect E14-1 ES
cells by electroporation. After double selection with G418 (400 mg/
ml; Life Technologies) and gancyclovir (2 mM; Syntex, Japan), 1000 Cell Proliferation Assays
resistant colonies were screened for homologous recombination of Nonadherent splenic B cells were isolated using a combination of
the CD100 targeted allele by PCR and Southern blot analysis as anti-Thy1.2 (F7D5, Seroteck Ltd, U.K.) and rabbit complement
described below. Two clones with homologous recombination were (Wako, Japan) to remove T cells. The remaining B cells were fraction-
ated through a Percoll gradient of 50%, 60%, 66%, and 70%, andidentified and isolated.
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cells at the interface between 66% and 70% were collected. Purified cipitates were subjected to SDS-PAGE and then electrophoretic
transfer to nitrocellulose membranes. Membranes were immu-B cells (1 3 105) were cultured in RPMI 1640 medium (Life Technolo-
gies) supplemented with 10% fetal calf serum (Life Technologies), noblotted with anti-CD72 (H-96), anti-SHP-1 (C19), or anti-phospho-
tyrosine Abs (PY99), and the blots were developed by an enhanced100 U/ml penicillin (Banyu Pharmaceutical Company, Limited,
Tokyo), 100 mg/ml streptomycin (Meiji Seika Kaisha Limited, Tokyo), chemiluminescence (ECL) reagent (Amersham Pharmacia Biotech)
following the manufacturer’s protocol.2 mM L-glutamine, and 2-mercaptoethanol (5 3 1025 M) in the pres-
ence or absence of 10 U/ml IL-4 (Genzyme), 0.5 mg/ml anti-CD40
mAb (HM40-3: PharMingen), 10 mg/ml anti-CD72 mAb, or 0.2 mg/ Acknowledgments
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